Marine Euryarchaeota remain among the least understood major components of marine microbial communities. Marine group II Euryarchaeota (MG-II) are more abundant in surface waters (4-20% of the total prokaryotic community), whereas marine group III Euryarchaeota (MG-III) are generally considered low-abundance members of deep mesopelagic and bathypelagic communities. Using genome assembly from direct metagenome reads and metagenomic fosmid clones, we have identified six novel MG-III genome sequence bins from the photic zone (Epi1-6) and two novel bins from deep-sea samples (Bathy1-2). Genome completeness in those genome bins varies from 44% to 85%. Photic-zone MG-III bins corresponded to novel groups with no similarity, and significantly lower GC content, when compared with previously described deep-MG-III genome bins. As found in many other epipelagic microorganisms, photic-zone MG-III bins contained numerous photolyase and rhodopsin genes, as well as genes for peptide and lipid uptake and degradation, suggesting a photoheterotrophic lifestyle. Phylogenetic analysis of these photolyases and rhodopsins as well as their genomic context suggests that these genes are of bacterial origin, supporting the hypothesis of an MG-III ancestor that lived in the dark ocean. Epipelagic MG-III occur sporadically and in relatively small proportions in marine plankton, representing only up to 0.6% of the total microbial community reads in metagenomes. None of the reconstructed epipelagic MG-III genomes were present in metagenomes from aphotic zone depths or from high latitude regions. Most low-GC bins were highly enriched at the deep chlorophyll maximum zones, with the exception of Epi1, which appeared evenly distributed throughout the photic zone worldwide.
Introduction
Marine archaea are important marine microbes in terms of their metabolic activity and abundance (Karner et al., 2001; Li et al., 2015) . Ammoniaoxidizing Thaumarchaeota (Brochier-Armanet et al., 2008) are the most abundant archaeal phylum in the oceans and have a key role in the marine nitrogen cycle (Konneke et al., 2005; Qin et al., 2014) . Studies have also identified three major groups of marine Euryarchaeota: (i) group II (MG-II) (DeLong, 1992; Fuhrman et al., 1992; Fuhrman and Davis, 1997; Massana et al., 2000) , (ii) group III (MG-III) (Fuhrman and Davis, 1997; Lopez-Garcia et al., 2001a) , and (iii) group IV (MG-IV) (Lopez-Garcia et al., 2001b) . So far, there are no cultured representatives of marine Euryarchaeota and little is known about their physiology and ecological role in the oceans. MG-II are widely distributed within the euphotic zone of temperate waters. MG-II are the dominant archaeal community not only in the surface and in the deep chlorophyll maximum (DCM) (Massana et al., 2000; Karner et al., 2001; Herndl et al., 2005; DeLong et al., 2006; Galand et al., 2010; Belmar et al., 2011; MartinCuadrado et al., 2015) but have also been found in deep-sea waters (Lopez-Garcia et al., 2001a ,MartinCuadrado et al., 2008 Li et al., 2015) . The other two marine Euryarchaeota groups, MG-III and MG-IV, are considered to be rare components of deep-sea communities (Lopez-Garcia et al., 2001a,b; Galand et al., 2009) .
MG-III were first described by Fuhrman and Davis, 1997 from deep marine plankton samples and have subsequently been found in 16S-rRNA gene surveys from most deep oceanic regions, albeit at very low abundance (Massana et al., 2000; Lopez-Garcia et al., 2001a,b) , and by metagenomics throughout the water column in the central Pacific gyre . However, occasionally, they have been identified at much higher proportions. For instance, 16S-rRNA sequences from MG-III represented one of the largest archaeal groups in the deep Arctic Ocean (440% of tag sequences) (Galand et al., 2009) and between 30% and 50% of the archaeal sequences from a deep (500-1250 m) Marmara Sea metagenome (Quaiser et al., 2011) . They were also relatively abundant (ca.18% of the total archaeal population) in the oxygen minimum zone (50-400 m) in the Eastern tropical South Pacific (Belmar et al., 2011) . Only a few studies report the presence of MG-III in the photic zone. They represented 0.4% of all the archaeal sequences obtained in surface Arctic waters (Galand et al., 2009 ) and up to 10% in samples recovered along 4.5 years in the Mediterranean DCM (Galand et al., 2010) .
The initial analysis of three MG-III fosmids from deep-sea metagenomic libraries allowed a first glance at their metabolic potential . The presence of some fermentation-related genes led to the hypothesis that they could be facultative anaerobes. In a recent study, up to 3% of the single amplified genomes of archaea recovered from mesopelagic waters from South-Atlantic and North-Pacific gyres belonged to MG-III (Swan et al., 2014) . However, only two single amplified genomes classified as MG-III, SCGC-AAA-007-O11 (isolated at 800 m in the South-Atlantic sub-tropical gyre) and SCGC-AAA-288-E19 (from 770 m in the North-Pacific sub-tropical gyre), have been deposited in GenBank. Only the SCGC-AAA-288-E19 partial genome had ribosomal RNA genes that corresponded to MG-III, but contig annotation showed contamination with Chloroflexi (32 genome fragments out of the 102). Complete archaeal fosmids (452 adding up to 16 Mb of sequence) from deep Mediterranean samples belonging to MG-II/III have been published (Deschamps et al., 2014) and five MG-III partial genomes (31-65% completeness) were assembled from metagenomes from the Guaymas basin (1993 m, Gulf of California) and the Mid-Cayman Rise (2040-2238 m and 4869-4946 m, Caribbean Sea) (Li et al., 2015) . Based on the genes present in these genomes, it was proposed that the microbes they represented are motile heterotrophs with different mechanisms for scavenging organic matter.
Binning the assembled fragments by oligonucleotide frequencies, GC content and differential recruitment in metagenomes is a successful strategy for the discovery of novel microbial lineages (Tyson et al., 2004; Ghai et al., 2012; Iverson et al., 2012; Narasingarao et al., 2012; Martin-Cuadrado et al., 2015; Li et al., 2015; Vavourakis et al., 2016) . We applied this approach to recover MG-III sequences using several metagenomic fosmid libraries from the Mediterranean Sea (collections KM3, AD1000 and MedDCM-OCT2007 (Ghai et al., 2010) ) and from the assemblies of 16 metagenomes (four collections from the Mediterranean: MedDCM-JUL2012 (MartinCuadrado et al., 2015) , MedDCM-SEP2014 (this work), Med-Io7-77mDCM and Med-Ae2-600mDeep (Mizuno et al., 2016) and 12 from TARA microbiomes (Sunagawa et al., 2015) ). We obtained a total of eight different MG-III genome bins. Six of them belong to novel surface MG-III lineages distantly related to the previously described deep MG-III sequence bins (Li et al., 2015) . They are the first near-complete genomes of MG-III living in the photic zone. Some of them appear to be widespread in the ocean; their distribution in different water masses has been analyzed.
Materials and methods
Sampling and sequencing A fosmid metagenomic library of ca. 13 000 clones was constructed with biomass recovered in October 2007 (50 m deep) at the Mediterranean DCM (38°4′6.64″N 0°1 3′55.18″W). Partial results of almost 7000 fosmid sequences have been described previously in Ghai et al. (2010) and Martin-Cuadrado et al. (2015) . Metagenomes were also sequenced from samples recovered at the same location and at a similar depth the following years (MedDCM-JUL2012 (Martin-Cuadrado et al., 2015 and MedDCM-SEP2014) from one sample recovered at the DCM from the Ionian Sea (Med-Io7-77mDCM) and from a sample collected from the deep Aegean Sea (Med-Ae2-600mDeep) (Mizuno et al., 2016) . For these metagenomes, sea water was collected and sequentially filtered on-board using a positive pressure system through a 20 μm pore filter followed by a 5 μm pore size polycarbonate filter and, finally, 0.22 μm pore size Sterivex filters (Durapore; Millipore, Billerica, MA, USA). Filters were frozen on dry ice and kept at − 80°C until processed in the laboratory. Filters were thawed on ice and then treated with 1 mg ml − 1 lysozyme and 0.2 mg ml − 1 proteinase K (final concentrations). Nucleic acids were extracted with phenolchloroform-isoamyl alcohol and chloroform-isoamyl alcohol. Sequencing was carried out using Illumina HiSeq2000 (PE, 100 bp) (Macrogen, Seoul, Korea and BGI, Hong Kong).
'De novo' assembly, gene annotation and binning of the MG-III sequences A schematic of the assembly pipeline is shown in Supplementary Figure S1 . The assembly of the fosmids from the MedDCM-OCT2007, KM3 and AD1000 metagenomic fosmid libraries has been previously described (Ghai et al., 2010; Deschamps et al., 2014; Martin-Cuadrado et al., 2015) . Sequences from metagenomes MedDCM-JUL2012, MedDCM-SEP2014, MedIo7-77mDCM and Med-Ae2-600mDeep were quality trimmed and assembled independently using IBDA-UD (Peng et al., 2012) with the following parameters: -mink 70, -maxk 100, -step 10, -pre_correction. Gene predictions on the assembled sequences were carried out using Prodigal (Hyatt et al., 2010) . Ribosomal genes were identified using ssu-align (Nawrocki, 2009 ) and meta_rna (Huang et al., 2009) . Functional annotation was performed by comparing predicted protein sequences against the NCBI-nr database, Pfam (Bateman et al., 2004) , arCOGS (Makarova et al., 2015) and TIGRfams (Haft et al., 2001) (cutoff E-value 10 -5 ). Based on sequence similarity against the nonredundant NCBI database, the best hit for each gene was determined and used to bin to top-level taxa. Bona fide Euryarchaeota genome fragments were defined as having 450% of the predicted open reading frames with best hits to other Euryarchaeota genes. The resulting sequences were used to screen for their presence in several metagenomes (in subsets of 20 million reads, where applicable): the TARA data sets (Sunagawa et al., 2015) , the GOS collection (Rusch et al., 2007) , the depth profiles collections from the subtropical gyres of North Atlantic (Bermuda Atlantic Time Series, BATS) and North Pacific (Hawaii Ocean Time-Series, HOT) (DeLong, 2006; Coleman and Chisholm, 2010) , several Mediterranean Sea metagenomes at different depths (Ghai et al., 2010; Quaiser et al., 2011; Smedile et al., 2012; Martin-Cuadrado et al., 2015) , and a number of deep ocean and cold waters metagenomes (Alonso-Saez et al., 2012; Larsson et al., 2014) . The collections coming from the surroundings of hydrothermal vents published in Li et al. (2015) were also included. The screening was performed using Usearch6 (Edgar, 2010) , with a cutoff of 95% identity over an alignment length of at least 50 bp (approximately species-level divergence, Konstantinidis and Tiedje, 2005) . To compare the results among different data sets, the number of reads was normalized to the metagenome size and the sequence length. The final coverage results were expressed as the number of reads per kilobase of the fragment per gigabase of metagenome collection (rpkg). Only metagenomes in which any of the MG-III sequences recruited reads at over 3 rpkg, a total of 33 metagenomes, were used for genome assembly (Supplementary Table S1 ).
All the sequences obtained from these assemblies were binned together in order to cluster them by their tetranucleotide frequencies, GC content and coverage values (Supplementary Figure S2 and Supplementary  Table S1 ). Tetranucleotide frequencies were computed using the 'wordfreq' program from the EMBOSS package (Rice et al., 2000) and the coverage values were calculated as rpkg as described before. Only those clusters with 410 sequences and containing at least one gene marker with a clear affiliation to MG-III were retained. The phylogenetic assignment to MG-III was determined by the presence of at least one housekeeping gene in the same bin (see below). Following this method, a total of 375 genomic fragments 410 Kb could be classified into 10 different MG-III bins of sequences, Epi1, Epi2A, Epi2B, Epi2C, Epi3, Epi4, Epi5, Epi6, Bathy1 and Bathy2. We also considered 16 MG-III sequences that contained a ribosomal or a housekeeping gene but that could not be included in any of the bins by the criteria used (Supplementary Table S2 ).
In order to improve the completeness and remove the redundancy present in the initial MG-III bins, a second assembly was performed combining the sequences 410 Kb with the short paired-end Illumina reads of the metagenomes from where they were assembled (Tables 1 and 2 and Supplementary Figure S3 ). For each of the MG-III sequence bins, we used the BWA aligner (Li and Durbin, 2009 ; default parameters) to recover the short pair-reads that mapped onto the 410 Kb contigs. For each bin, these reads were then pooled and assembled together with the large DNA contigs previously assembled using SPAdes (Bankevich et al., 2012) . The final assemblies were termed 'composite genomes' (CGs), as they belong to similar MG-III cellular lineages (defined by the MG-III bins) but from different samples (Supplementary Table S3 ). The completeness of the reconstructed archaeal genomes was estimated by three different criteria and based on the presence of essential/core genes using HMMER (35, 112 and 53 genes (Raes et al., 2007; Narasingarao et al., 2012; Albertsen et al., 2013) ). An E-value o10 -5 and an alignment coverage 465% were used as cutoffs to define homologs of the essential/core genes. Analysis of the contamination within the CGs was performed using CheckM (Parks et al., 2014) (Table 1) . Average nucleotide identity (ANI) and conserved DNA fraction between reconstructed and/ or reference genomes were calculated based on the whole-genome sequence as in Goris et al. (2007) (Supplementary Figure S4) . GC content was calculated using the 'geecee' tool from the emboss package (Rice et al., 2000) .
Phylogenetic analysis 16S-rRNA and 23S-rRNA gene sequences detected in the MG-III genomic fragments were used to retrieve rRNA gene sequences from the most closely related euryarchaeal genomes and selected genome fragments in GenBank using BLAST (Altschul et al., 1990) . 16S-rRNA sequences from metagenome collections were screened and trimmed using ssualign (Nawrocki, 2009) . Archaeal 16S-rRNA and 23S-rRNA gene sequences were then aligned using MUSCLE (Edgar, 2004) . Phylogenetic reconstructions were conducted by maximum likelihood using MEGA6-v.0.6 (Tamura-Nei model, 100 bootstraps, gamma distribution with (five discrete categories), all positions with o80% site coverage were eliminated) (Tamura et al., 2013) (Supplementary Figure S5) . For the protein trees of RecA, RpoB, SecY, geranylgeranylglyceryl phosphate synthase, DnaK, GyrA, GyrB, photolyase and rhodopsin (Supplementary Figures S6-S14), sequences were selected based on existing literature. Sequences were aligned using MUSCLE (Edgar, 2004 ) and a maximum likelihood tree was constructed using MEGA6-v.0.6 (Jones-TaylorThornton model, 100 bootstraps, gamma distribution with five discrete categories, positions with o80% site coverage were eliminated). Taxonomic affiliation of the selected bins was also determined by a phylogenomic tree based on concatenates of several ribosomal proteins (L13, S9, L5, S8, L6, S5, S12, S7, L11, L3, L4, L2, L22, S3, L14, S17, L15 and L18). A balanced taxonomic representation of other archaeal genomes was included as reference. Shared proteins were concatenated and aligned using Kalign (Lassmann and Sonnhammer, 2005 ) and a maximum likelihood tree was made using MEGA6-v.0.6.
Genome comparisons
Synteny among the CG-MGIII was examined with CIRCOS (Krzywinski et al., 2009 ) and defined as arrays of contiguous genes in tracts of DNA 45 Kb and having 470% of identity. For each of the MG-III bins, non-redundant protein databases were Mizuno et al. (2016) .
constructed clustering the coding DNA sequences with UCLUST (Edgar, 2010) (cutoff: 80% similarity in 70% of their length). These subsets of proteins were compared among themselves using a reciprocal best-hit analysis of putative homologs by BLASTP. Reciprocal relations were plotted using CYTOSCAPE (Shannon et al., 2003) . In order to identify the unique proteins of each of the bins, UCLUST was used with a cutoff of 30% similarity along 70% of their length.
Accession numbers
Mediterranean metagenomes used for recruitment are available at NCBI-BioProjects:
and Med-Ae2-600mDeep). Sequences 410 Kb and the reconstructed CGs genomes have been deposited in BioProject number: PRJNA335308. TARA metagenomes were downloaded from the European-BioinformaticsInstitute (http://www.ebi.ac.uk/services/tara-oceansdata).
Results and Discussion

General features of MG-III archaeal genomes
Following assembly and binning, we obtained 375 genomic fragments that clustered into 8 MG-III bins (Supplementary Figure S1 ). Six bins, Epi1-Epi6, were from epipelagic origin (photic zone) and contained a total of 386 genomic fragments with a total of 8.3 Mb. Two bins, Bathy1 and Bathy2, were from deep marine samples (aphotic zone) and contained 76 fragments for a total of 2.3 Mb. Manual inspection of the differential coverage of the sequences in each bin identified three subsets of Epi2, referred to as Epi2A, Epi2B and Epi2C. Further genomic comparisons indicated that these bins were very similar to each other (93-96% ANI, Supplementary Figure S4 ) and represent genomes from related species, likely within the same genus. Remarkably, seven genome bins were formed by sequences primarily from a single sampling site ( Table 2 ). The exception was Epi1, which includes sequences retrieved from nine different sites in the Mediterranean Sea, Atlantic and North-Pacific oceans. These findings suggest that the organisms represented by Epi1 are cosmopolitan in temperate epipelagic waters, whereas the other groups are only abundant enough to assemble from metagenomes at specific sites (endemic) or under transient environmental conditions causing significant growth (for example, blooms; see below).
To improve the analysis of each genome bin, a second assembly was performed and CGs were reconstructed using sequences from different samples and geographic origins (Supplementary Figure S1) . These CGs are non-redundant and consist of genomic fragments from similar lineages of MG-III cells but not necessarily from the same sample. In this further assembly, subsets Epi2A, 2B and 2C were condensed into a single bin, CG-Epi2. Genomic features of the genome bins can be found in Tables 1 and 2 and  the complete list of the MG-III contigs and the CGs are  given in Supplementary Tables S2 and S3 . Using the criteria of Narasingarao et al. (2012) , the genome bins with highest degree of completeness were CG-Epi1 (85%), followed by CG-Epi2 (75%) and the mesopelagic CG-Bathy1 (64%). Based on the number of different variants of single copy genes in each bin, all our CGs contained a single microbial species each (Supplementary Table S4 ).
All MG-III bins had low GC content (36-36.8%) with the exception of Bathy2 (64.2%). Previously described MG-III sequences from different bathypelagic samples were all high GC (62.8%-65.4%) except for Guaymas32 (36.8%) (Li et al., 2015) . It has been noted that GC content tends to increase with depth (Romero et al., 2009; Mizuno et al., 2016) . Selection for less nitrogen demand has been proposed as the main drive toward low genomic GC content in free-living marine bacterioplankton. In epipelagic waters, nitrogen is more likely to be the limiting nutrient, in contrast to the dark, energy-limited but relatively nitrogen-rich, deep ocean (Dufresne et al., 2005; Swan et al., 2013; Batut et al., 2014; Giovannoni and Nemergut, 2014) . Nevertheless, Bathy1 and Guaymas32 have similar low GC content to surface MG-III bins, suggesting that other factors might be also important.
In general, epipelagic MG-III bins were more genetically heterogeneous. Among the low GC-MGIII bins, the ANI varied from 68% to 85.4%, whereas the high GC-MGIII bins (Bathy2 is 90.8% similar to Cayman92) showed higher degrees of conservation, with ANIs ranging 89.5% to 96.2% (Supplementary Figure S4) . This apparently higher diversity of the epipelagic groups may reflect the chemical and physical heterogeneity of surface water layers, which are submitted to stronger hydrodynamic, seasonal and geographical variations (Bryant et al., 2015) . In contrast, MG-III representatives from the deep ocean inhabit a more stable environment and might consequently be less diverse, with more homogenous genomes.
Phylogenetic affiliation of the genomic bins Genes coding for rRNA are difficult to bin because (i) rRNA genes assemble poorly due to their conservation and duplication in genomes and (ii) they recruit metagenomic reads at much higher levels making coverage-based approaches impractical. Most of the rRNA sequences came from fosmid-libraries (Km3 and AD1000) and did not cluster within any of the bins described here. The only assigned 16S-rRNA sequence (372 bp) belonged to Bathy1 and it appears distantly related to the previously described OTU-D (Galand et al., 2009 ) and DH148-W24 clusters (Lopez-Garcia et al., 2001a,b) (Supplementary Figure S5a) . A similar result was obtained with the 23S-rRNA gene identified in Bathy1 (Supplementary Figure S5b) . Therefore, we looked for other housekeeping genes that might be helpful to define the phylogenetic relationships of the novel MG-III with other archaea. We identified and constructed phylogenetic trees for RecA, RpoB, SecY, the geranylgeranylglyceryl phosphate synthase, DnaK and the two gyrase subunits, GyrA and GyrB (Supplementary Figures S6-S12 ). Although DnaK, GyrA and GyrB have a complex history of horizontal gene transfer (HGT) (Gribaldo et al., 1999; Petitjean et al., 2012; Raymann et al., 2014) , their phylogenetic analysis clearly showed the split between MG-II and MG-III sequences. The MG-III housekeeping genes retrieved from epipelagic waters clustered into two groups, one represented only by Epi2 and the other including Epi1, 3, 4, 5 and 6. Bathy2 appeared as a separate cluster from the epipelagic MG-III, and Bathy1 sequences appeared as the most divergent and basal branch. The phylogenomic analysis of the concatenated ribosomal proteins revealed a similar topology (Figure 1 ). The two epipelagic clusters shared similar GC content. Accordingly, they were named LowGC-MGIII (comprising two subclades: LowGC1-MGIII (Epi1, 3, 4 and 6) and LowGC2-MGIII (Epi2 and Guaymas32)), and a separate clade, containing bins exclusively of bathypelagic origin (Bathy2, Cayman92 and Guaymas31), was named HighGC-MGIII. Bin Epi5 lacks the ribosomal operon, but it was included into the LowGC1-MGIII based on the phylogenetic analysis of the other housekeeping genes ( Supplementary  Figures S11 and S12 ). Bathy1 consistently appeared as a separate basal branch, which might reflect the intermediate depth (600 m), location (Aegean Sea) and physicochemical conditions (highly saline, relatively warm and extremely oligotrophic) of the samples contributing sequences to this genomic bin. The position of Guaymas32 (retrieved from 1993 m), which clusters with Epi2 (5-75 m), might be explained by the presence of two different microbial species in the Guaymas32 bin (Li et al., 2015) . One appears to be most similar to the surface Epi2 sequences (80.8% ANI), while the other is closer to the deeper Bathy1 sequences (72.9% ANI) (also observed in the synteny plot of Figure 2a ) (see below). Another plausible explanation is that Guaymas32 might be a surface organism dragged to the bottom by the continuous flux of surface microbes and particles into the deep. Indeed, Guaymas sediments are surprisingly enriched in surface planktonic microbes (Edgcomb et al., 2002) when compared with other deep-sea sediments (LopezGarcia et al., 2003) . However, the lack of rhodopsins and photolyases (discussed below), together with higher recruitments from deep data sets, would suggest that Guaymas32 is a bona fide deep inhabitant.
Synteny and gene content
To examine the conservation of synteny across the different genome bins, we performed an all-versus-all genome comparisons with the available sequences of MG-III (Figure 2a ). Within the two groups of LowGC-MGIII bins, large fragments have the same genomic context while synteny blocks are not conserved between LowGC-MGIII and HigGC-MGIII. In the case of LowGC-MGIII, the highest synteny was found between Epi1 and Epi4 (54 block alignments, 62% of Epi4 genome size). For LowGC-MGIII, only Epi2 and Guaymas32 showed a significant synteny (56 block alignments, 38% of CG-Epi2). The low level of synteny between Bathy1 and other bins confirms that the microbes represented by this bin are very distant to the other LowGC-MGIII. Among the HighGC-MGIII bins, the highest synteny was found between Bathy2 and Guaymas31 (40 block alignments, 42% of CG-Bathy2) followed closely by Cayman92 and Guaymas31 (42 block alignments, 40.8% of the Cayman92 genome). Non-redundant sets of proteins were obtained for each of the bins, including MG-II relatives, and compared between bins, retaining only the best hit for each protein and using a threshhold of 80% similarity. The relationships between bins were then plotted in the similarity network showed in Figure 2b . This protein content analysis supported the clustering observed in the phylogenomic tree (Figure 1 ). Bathy1 and SCGC-AAA-288-E19 appeared distantly associated with Guaymas32 and Guaymas31, respectively. MG-III bins Epi1 with Epi4 had the largest percentage of shared proteins (34.8%), followed by Epi2B and Guaymas32 (24%) and then Bathy2 and Guaymas31 (25%). Only 8% of Epi1 proteins were conserved in Epi2 and 0.5% in Bathy2. Although these numbers may be biased owing to the incomplete nature of the bins, they suggest that marine Euryarchaeota are very diverse and contain very different gene pools. Similar results were obtained by Deschamps et al. (2014) who found that the core genome of the MGII/III Euryarchaeota was only 15.6% of their pangenome, while their flexible genome was almost triple that of the Thaumarchaeota.
Metabolic functional inference
Several studies have suggested that marine Euryarchaeota have a significant role in the degradation of dissolved organic matter in marine waters, for example, dissolved amino acids (Ouverney and Fuhrman, 2000) or carbohydrates (Boutrif et al., 2011) . The presence of large peptidases related to protein degradation, together with enzymes for the use of fatty acids in the MG2-GG3 genome suggested that particles might be a habitat for MG-II Euryarchaeota (Iverson et al., 2012; Orsi et al., 2015) . MG-II shared various features with the deep MG-III described by Li et al. (2015) , suggesting that they might be aerobic heterotrophs that use proteins and polysaccharides as major energy source. In order to infer different lifestyles, the predicted open reading frames were functionally classified according the arCOG categories and their frequencies in the different genomes compared (Supplementary Tables  S5 and S6 and Supplementary Figure S15 ).
Central carbon metabolism MG-III genomes harbored enzymes for glycolysis, the tricarboxylic acid cycle and oxidative phosphorylation, indicating aerobic respiration (Supplementary  Table S7 ). However, owing to the incomplete nature of these genomes, not all genes could be found, and some predictions need to be taken cautiously, especially for Bathy2. We found genes for the complete tricarboxylic acid cycle in LowGC-MGIII but three genes were absent in Bathy1. Remarkably, only the aconitase and the fumarase were found in Bathy2. As was observed in some MG-II (MartinCuadrado et al., 2015) , MG-III appears to possess most of the enzymes of the Embden-MeyerhofParnas (EMP) pathway for metabolism of hexose sugars, with the exception of the first and the last enzymes of the pathway. We were unable to find any other enzyme that could serve as an alternative for the missing glucokinase. For the final step of the EMP, we propose that phosoenolpyruvate synthase, found in all of our MG-III bins, might be able to function bi-directionally and substitute for the missing pyruvate kinase, allowing the EMP to function in both directions, gluconeogenic and glycolytic. Likewise, we found typical gluconeogenesis enzymes such as phosphoenolpyruvate carboxykinases in the LowGC-MGIII and Bathy1 bins, as well as subunits of the pyruvate/oxaloacetate carboxyltransferase in all the MG-III bins. We were unable to find glucose 1-dehydrogenase, gluconolactonase and 2-keto-3-deoxy gluconate aldolase homologs, suggesting that the Entner-Duodoroff hexose catabolic pathway is not present in the MG-III, unlike findings in other Euryarchaea (Makarova et al., 1999; Makarova and Koonin, 2003; Hallam et al., 2006) . Only a small number of amino-acid synthases were found in MG-III: cysteine in Bathy1 and Bathy2, glutamine in LowGC-MGIII, and for glutamate in all MG-III bins. Remarkably, many enzymes for de novo biosynthesis were missing, including those for synthesizing methionine, arginine, threonine, histidine, aromatic amino acids and branched amino acids (Supplementary Table S7 ). However, we observed multiple genes related with the uptake and transformation of peptides or amino acids in our MG-III bins, indicating that these organisms are capable of taking up amino acids from the environment and incorporating them into their proteins. For example, we found genes for permeases for lysine/ arginine (all bins), histidine (Bathy2), glutamine (LowGC-MGIII and Bathy1), proline (LowGC-MGIII and Bathy1) and polar amino acids (Bathy2). Also, several ABC-transporter-systems were found for peptides and oligopeptides; for example, Dpp-ABCtype dipeptide/oligopeptide transporters (in all) and Liv-ABC-type branch amino-acid transporters (LowGC-MGIII and Bathy1). Several enzymes involved in the degradation of amino acids were also found, including dehydrogenases for alanine (all bins), glutamate (all bins), threonine (LowGC-MGIII and Bathy2) and proline (LowGC-MGIII), as well as several aminotransferases for branched-chain amino acids (LowGC-MGIII and Bathy1) and aspartate/ tyrosine/aromatic aminotransferases (LowGC-MGIII and Bathy1). These findings suggest that there may be differences in the substrates used by the different MG-III groups. Indeed, although several subtilasefamily proteases (arCOG00702 and arCOG02553) were present in all bins, some peptidases had limited distributions: dipeptidyl-aminopeptidases (LowGC-MGIII and Bathy1), C1A-peptidases (LowGC-MGIII), C25-peptidases (Bathy1), Xaa-Pro aminopeptidases (Bathy2), and several AprE-like subtilisins (arCO-G06823, present in LowGC-MGIII and arCOG03610 present in Bathy1) (Supplementary Table S6 ).
Carbohydrates can be important carbon sources and, with the exception of Bathy1, several proteins with sugar-binding domains were found in all the bins (lectin and laminin-like). In the Epi6 bin, a cutin-like hydrolase was found (37% similar to a hydrolase from the Bacteriodetes Rufibacter sp. DG15C). Cutin is a polyester composed of hydroxyl/hydroxyepoxy fatty acids present in plants, and cutinases are produced by pathogenic fungi as extracellular degradative enzymes (Chen et al., 1997) . Lipo-oligosaccharide transport systems (nodI/J-like genes) and phosphonate transporters were found exclusively in the LowGC-MGIII. As observed in MG-II Thalassoarchaea (Martin-Cuadrado et al., 2015) , multidrug and antimicrobial peptide transporters (ABC-type) together with several permeases for drug/metabolites (RhaT-like family) were also abundant in all MG-III bins. Although the nature of the substrates is difficult to ascertain, these transporters may be involved in coping with high environmental concentrations of toxins such as those produced by cyanobacterial and algal blooms.
Oxygen. The presence of superoxide dismutase in all MG-III bins, together with several genes for alkyl-hydroperoxide reductases in LowGC1-MGIII and Bathy1, suggests that these microbes must cope with oxygen radicals. Complete cytochrome-C and B-B6 oxidase subunits operons were also found in LowGC1-MGIII and Bathy1 and Bathy2 bins. Copper-binding proteins and haloarchaeal-like halocyanins were found in proximity of these operons, an arrangement similar to that described for MG-II Thalassoarchaea (MartinCuadrado et al., 2015) . It has been suggested that MG-II could be facultative anaerobes Belmar et al., 2011) and that sulfate could be used as terminal electron acceptor. Although no sulfate reductase-like proteins could be identified in our MG-III bins, several phosphate/sulfate permeases could be identified in Epi6 and Bathy2 and were also present in Guaymas31/32 and Cayman92. Pterin-based molybdenum enzymes (for example, sulfite oxidase, xanthine oxidase and dimethyl sulfoxide reductase) function under anaerobic conditions whereby their respective cofactors serve as terminal electron acceptors in respiratory metabolism (Schwarz et al., 2009) . For Bathy2 (fosmid Km3-43-F08), a novel operon for the molybdopterin biosynthesis, was found (catalytic domains, MOCS1/S2/S3, have o55% similarities in the nr-database). However, we could not find any of the pterin-based enzymes.
Light-related genes. The presence of photolyases/ cryptochromes among the LowGC-MGIII bins supports our hypothesis that they are bona fide epipelagic microbes (Figure 3a) . Photolyases are proteins capable of photorepairing ultraviolet-induced pyrimidine dimers in the presence of light (Essen, 2006; Essen and Klar, 2006) . Cryptochromes are proteins structurally similar to photolyases that act as blue light photoreceptors or regulators of the circadian rhythm (Cashmore et al., 1999) but that have lost the enzymatic photolyase activity (Chaves et al., 2011) . Up to now, seven major classes of photolyase/cryptochrome families have been found (Scheerer et al., 2015) . Interestingly, while the subunits found in Epi1 and Epi3 have similarity with eukaryotic cryptochromes (38-49%), the photolyases found in Epi2A and Epi2C bins have their highest similarities with Planctomycetales homologs (30-52%), suggesting potential interdomain HGT events. Five related genes, a phytoene synthase, a phytoene-desaturase, an histidine kinase, a sugar-epimerase and one hypothetical protein, were found adjacent to the photolyase gene. At the equivalent genomic position, the aphotic Guaymas32 had neither the photolyase nor the associated genes mentioned above (downstream from a 23S-rRNA gene) (Figure 3a) . The phylogenetic origin of the genes flanking the photolyases was analyzed and, in several cases, were most closely related to homologs from Bacteriodetes/Planctomycetes, again suggesting instances of HGT. These included a chaperone involved in protein secretion that was 76% similar to a Rhodopirellula mairorica homolog, a nitroreductase that was 75% similar to a Gracilimonas tropica homolog and a sugar-epimerase next to the photolyase that was 58% similar to a Pirellula staleyi protein.
Likewise, a hypothetical protein adjacent to the photolyase in Epi1 and Epi3 was most closely related to eukaryotic genes, suggesting that this pair of genes may have been transferred together.
Epipelagic bins Epi1-2-3 all contained rhodopsins (Figure 2b) indicative of a photoheterotrophic lifestyle (Beja et al., 2000; Fuhrman et al., 2008; Inoue et al., 2013) . In contrast, and consistent with previous reports (Deschamps et al., 2014; Li et al., 2015) , Bathy1 and Bathy2 did not have rhodopsins. Phylogenetically, MG-III rhodopsins cluster with bacterial proteorhodopsins rather than with the euryarchaeal rhodopsins previously described for MG-II (Iverson et al., 2012; Martin-Cuadrado et al., 2014) , suggesting that they may have been acquired by HGT from bacteria (Supplementary Figure S14) . The analysis of key residues showed that all of these MG-III rhodopsins are proton pumps (Inoue et al., 2013) with a glutamine (Q) in the characteristic spectral tuning residue site indicating their ability to absorb light from the blue range (Supplementary Figure S16) . In deeper waters (down to 300 m), only blue light remains available and blue rhodopsins are more suitable for generating energy. Therefore, epipelagic MG-III archaea seem to prefer low-light environments rather than the highly irradiated uppermost surface. Indeed, epipelagic MG-III bins recruited better from DCM or subsurface pelagic metagenomes (~50-70 m) than from surface (5 m) ones (see below). Genomic comparisons with MG-II rhodopsins (Martin-Cuadrado et al., 2014) revealed two new genomic contexts for this gene (Figure 3b) . Interestingly, one of the clusters also contains one of the photolyase genes previously mentioned (Figure 3 , contig Epi3-ERR598942-C530). Downstream from the rhodopsin genes, a gene for an unknown GYD domain protein was present. In cyanobacteria, proteins containing GYD and KaiC domains are involved in generating circadian rhythms (Chang et al., 2015) . This raises the possibility that epipelagic MG-III Euryarchaeota may also have a circadian rhythm. A similar genome segment was found in two Guaymas32 sequences but, in these cases, the rhodopsin and the GYD domaincontaining protein were absent.
The phylogenetic relationships of photolyases and rhodopsins, their proximity in at least one of the MG-III bins, together with the multiple putative HGT events observed in the nearby genes, leads us to hypothesize an ancestral 'dark nature' for MG-III. These light-related genes would have been recently transferred from epipelagic bacteria to MG-III, probably long after the massive HGT events that have been detected prior to the diversification of several mesophilic archaeal clades, including MGII/ III (Deschamps et al., 2014; Lopez-Garcia et al., 2016) . The acquisition of proteorhodopsins, together with ultraviolet-protection photolyases, would have promoted a better adaptation to the oligotrophic surface waters allowing MG-III clades to expand into new photic niches.
Structural components
Cell envelope. One of the advantages of generating environmental fosmid sequences is that they allow the unequivocal assembly and detection of the socalled 'metagenomic islands' (Coleman et al., 2006; Cuadros-Orellana et al., 2007; Rodriguez-Valera et al., 2009) . These are clone-specific genome areas that, owing to their low coverage, are rarely assembled from metagenomic data sets but can be easily identified in reference-genome recruitment plots in the form of empty (or little populated) areas synthases and genes for carbohydrate modification (acyltransferases and aminotransferases). The presence of several lipopolysaccharide biosynthesis proteins in all MG-III bins suggests a more complex cell envelope than a protein layer (S-layer). Adjacent to the CG-Epi1 island, we found a giant protein of 7258 amino acids with no similarity in sequence databases. These types of proteins have previously been observed in several bacterial and archaeal genomes (Reva and Tummler, 2008; Strom et al., 2011) and have been hypothesized to have a role in defense against predation or in cell adhesion. Although we could not predict any function for it, the presence of lectin/glucanase domains (laminin_G3), glycosyl-transferase domains (RfaB), several beta-helix repeats and copper-binding domains (NosD) suggest an extracellular function. Large proteins (45000 amino acids) with similar domains were also detected in other bins (Epi2-3-5). The similarity found between the giant proteins present in Guaymas31 and Bathy2 (90%) was remarkable.
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Flagellum/Pili. Many archaeal surface structures are assembled by mechanisms related to the assembly of bacterial type IV pili (Lassak et al., 2012) . With the exception of Epi5, we found several sequences containing two concatenated flaJ genes (implicated in archaeal flagellum assembly) followed by a flaI gene (a transcriptional activator). Syntenic operons were also found among deep-MG-III in Li et al. (2015) . However, these gene clusters are very different from the flagellar operon found in MG2-GG3 (Iverson et al., 2012) or in any other Euryarchaeota described to date (Jarrell and McBride, 2008; Jarrell et al., 2010) . Although it has been claimed that the genes found might be enough to build a functional flagellum (Li et al., 2015) , the lack of a more complex gene cluster suggests that this operon might be involved in a secretion system translocating proteins rather than in cell motility.
Prevalence in the marine environment
To evaluate the relative abundance of the novel MG-III genomes, we used the non-redundant CGs to recruit reads from 4200 metagenomic data sets that provide reasonably complete coverage of open-ocean waters from around the world. Among them, 106 gave values higher than one rpkg for any of the CGs tested ( Figure 4 and Supplementary Table S1 ).
Negative results are probably due to the small size of the data sets (for example, GOS) that may have poor representation of less abundant organisms. Although a considerable number of MG-III clones have been detected in cold waters such as the deep Atlantic layer of the central Arctic Ocean, (Galand et al., 2009) , the MG-III bins described here were not well represented in metagenomes from cold water regions such as polar regions (Alonso-Saez et al., 2012) , the Baltic (Larsson et al., 2014) or the northeast subarctic Pacific (Allers et al., 2013) . This may suggest that there are other abundant MG-III groups present in high latitudes that have yet to be discovered. Even in warmer latitudes, our LowGC-MG-III bins only represent a small fraction of the total prokaryotic population of photic marine habitats. The highest abundance we found was for CGEpi1 that accounted for 0.5% of the reads in the samples from the Mediterranean station TARA-018 (ERR599073 collection) (Figure 4b ). The deep MG-III bins recruited slightly more. For instance, CG-Bathy2 recruited up to 1% of the reads in the deep sample Med-Io17 (3500 m). Figure 4 shows a clear correlation of the two MG-III groups with depth (as already suggested by the origin of the assembled bins). Most LowGC-MGIII bins are only present in epipelagic collections, while the HighGC-MGIII plus the LowGC Bathy1 and Guaymas32 were clearly bathy or mesopelagic. CG-Epi1 seemed to be evenly distributed throughout the photic zone, but CG-Epi3, 5 and 6 increased at deeper waters (25-155 m, including the DCM) and the three CG-Epi2 showed an increase in even deeper photic zone waters. Bathy1 has its maximum at mesopelagic waters (Adriatic Sea 600 m), but it was also detected in colder bathypelagic waters (for example, the metagenomes from the Cayman-Rise and Guaymas Basin). CG-Bathy2 together with the Cayman and Guaymas bins revealed a strong correlation with deeper waters with much higher abundance in metagenomic collections o1000 m. These bins were more abundant in the warmer (13°C) and saltier Mediterranean deep samples (KM3, 3000 m and Io17, 3500 m deep), although the temperature in most bathypelagic waters, where these microbes were detected (global ocean), typically decreases down to o5°C. Overall, these numbers indicate that MG-III cells are relatively minor components of the archaeal communities in the photic and aphotic zones.
Using the Mediterranean DCM time series data sets, we found significant temporal variation in the abundance of the different GC bins despite a relatively constant abundance of reads attributable to euryarchaeal 16S rRNA genes (Supplementary Figure S17) . For example, CG-Epi2A predominated in 2012, whereas CG-Epi6 was dominant in 2013 and CG-Epi4 in 2014. In the case of MG-II, it has been experimentally demonstrated that eukaryotic phytoplankton additions stimulate their growth in bottle incubations (Orsi et al., 2015) . Also, MG-II became one of the most abundant organisms (up to 40% of prokaryotes) in a phytoplankton bloom where diatoms, small flagellates and picophytoplankton dominated consecutively (Needham and Fuhrman, 2016) . In order to know whether MG-II and the genomes of MG-III described here respond to similar blooming patterns, we measured the recruitment of available MG-II genomes in the metagenomes from which MG-III were assembled. The results show very low numbers for MG-II genomes in these samples, close to 100 times less than for MG-III genomes (Supplementary Figure S18) . These data indicate that, despite being closely related and using similar substrates, MG-II and MG-III do not bloom concurrently.
Using published plankton-interactome data (LimaMendez et al., 2015) , we constructed an interaction network for MG-III archaea (Supplementary Figure S19) . The results showed that MG-III coexists mainly with Metazoa and Dinophyta, which represented 50.6% and 23.5% of the total of interactions observed. These findings may indicate that MG-III cells could be attached to other organisms and only sporadically be released to the environment.
Conclusions
The photic zone of the oligotrophic ocean, one of the largest microbial habitats on Earth, has been extensively explored by molecular and genomic approaches (DeLong, 1992; DeLong et al., 1999; Venter et al., 2004; Rusch et al., 2007; Sunagawa et al., 2015) . Nevertheless, many epipelagic microbes remain to be characterized. Using metagenomics, we have uncovered eight new groups of planktonic marine Euryarchaeota that likely represent novel taxonomic orders or at least families. Based on differences in genome content and sequence identity, we propose the following nomenclature: Epipelagoarchaeales for the LowGC-MGIII and Bathypelagoarchaeales for the HighGC-MGIII. A separate and basal clade with low GC content but apparently living in the dark ocean (Bathy1) has also been uncovered. Genome comparisons between these new groups together and previously described MG-III genomes (Li et al., 2015) showed a marked differentiation between MG-III from photic and aphotic layers. Genomic analysis indicates that at least some representatives Epipelagoarchaeales (Epi1-Epi6) are planktonic photoheterotrophs. Two other groups with the Epipelagoarchaeales, Bathy1 and Guaymas32, lack genes indicating photoheterotrophy and are likely mesopelagic microbes with diverse metabolic capabilities. We hypothesize that the low GC content characteristic of the Epipelagoarchaeales may be an adaptation to the nitrogen limitation of surface waters. It is remarkable that all marine Euryarchaeota appear to possess similar metabolic profiles based on heterotrophic degradation of polymers and proteins (Iverson et al., 2012; Martin-Cuadrado et al., 2014; Li et al., 2015; Orsi et al., 2015) . The broad diversity of marine microbes exploiting this habitat is likely a reflection of the enormous diversity of metabolic substrates available. Our data suggest a possible interaction of MG-III with eukaryotic cells and, more specifically, with metazoa.
